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Abstract 



We construct and study the electrically charged, rotating black hole so- 
lution in heterotic string theory compactified on a (10 — D) dimensional 
torus. This black hole is characterized by its mass, angular momentum, and 
a (36 — 2D) dimensional electric charge vector. One of the novel features of 
this solution is that for D > 5, its extremal limit saturates the Bogomol'nyi 
bound. This is in contrast with the D = 4 case where the rotating black 
hole solution develops a naked singularity before the Bogomol'nyi bound is 
reached. The extremal black holes can be superposed, and by taking a peri- 
odic array in D > 5, one obtains effectively four dimensional solutions without 
naked singularities. 
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I. INTRODUCTION 



Among the infinite tower of states in string tlieory, tliose wliicli saturate a Bogomornyi 
bound are of particular interest, since tfiey do not receive quantum corrections to tlieir mass 
or cliarges During tlie past few years, there has been considerable discussion over 

whether these states can be identified with black holes ^-^f- A necessary condition for this 
to be the case is clearly that there exist black hole solutions with the same values of the 
mass and charges. For compactifications of the heterotic string down to four dimensions 
on a torus, it has been shown that for all spherically symmetric BPS saturated states with 
Nl 7^ 0, there are extremal black hole configurations satisfying this condition P|^I^.p| This is 
encouraging, but there are also nonspherically symmetric states saturating the bound which 
one would like to identify with rotating black holes. Unfortunately, in four dimensions, the 
rotating black hole solutions become extremal before the Bogomol'nyi bound is saturated. 
The solutions which do saturate the bound contain naked singularities, making their physical 
significance highly questionable. 

We will show that in higher dimensions, this problem disappears (at least for black holes 
with a single component of angular momentum). This is directly related to an unusual 
property of the higher dimensional Kerr solution. As shown by Myers and Perry |jl6 



m 



dimensions greater than five, there are rotating (uncharged) black hole solutions with any 
value of the ratio a/m where a is the angular momentum parameter and m is the mass. 
In other words, there is no extremal limit in this case. (In four dimensions, solutions with 
a > m contain naked singularities.) We will find that when one adds charges to this 
solution appropriate to heterotic string theory, there is an extremal limit precisely when the 
Bogomol'nyi bound is saturated. 

The massless fields in heterotic string theory compactified on a (10 — D) dimensional 
torus consist of the string metric G^^, the anti-symmetric tensor field B^^, (36 — 2D) U(l) 
gauge fields Ajf ) (1 < j < 36 - 2D), the scalar dilaton field $, and a (36 - 2D) x (36 - 2D) 
matrix valued scalar field M satisfying. 



MLM' =L, M' =M. (1.1) 

Here L is a (36 — 2D) x (36 — 2D) symmetric matrix with (26 — D) eigenvalues —1 and 
{10 — D) eigenvalues +1. For definiteness we shall take L to be. 



ho~D 



[1.2) 



where /„ denotes an tt, x n identity matrix. The action describing the effective field theory 
of these massless bosonic fields is given by [|1^ , 



S = C f d^xV-detGe-^ \Rg + G^"'d^<l>d^<^ + -G^'^Tr^d^MLd^ML) 
J '- 8 

_l_Gf^t^'a-^'GPP'H^,pH^,,,p, - G>'>''G'"''F^J {LML)^^ F^^l] , (1.3) 



^The case Nl = has recently been discussed [13-15| 
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where, 



(1.4) 



H^up = d^Bup + 2A'^iP LjkFl'^p + cyclic permutations of fi, u, p, (1.5) 

and Rg denotes the scalar curvature associated with the metric G^,y. C is an arbitrary 
constant which does not affect the equations of motion and can be absorbed into the dilaton 
field 

The general rotating black hole in D dimensions is characterized by [{D — l)/2] different 
angular momentum parameters (where [x\ denotes the integer part of x). This just corre- 
sponds to the components of angular momentum in different orthogonal two-planes. We will 
consider here the simplest case of a single nonzero angular momentum parameter a. The 
uncharged rotating black hole in pure Einstein gravity in D dimensions is given by [16]: 

ds^ = 5 5 ^ dt^ + / , ^dp^ + p2 + ^2 ^^g2 Q^^g2 

+ cos^ p'^ + a"^ — 2mp° ^ 

''''' ^ -[{p^ + a2)(p2 + a2 ^Qg2 ^ 2mp5-^a2 sin^ 9^ 



p^ + cos^ 9 

^'-dtdcj) + p"^ cos^ 9dn^~\ (1.6) 



4mp5 ^asin2^_,^_,^ , _2 ___2 .,„,oD-4 



p^ + cos^ 9 

Here t, p, 9, denote four of the space-time coordinates and dfl^~^ is the square of the 
line element on a D — 4 dimensional unit sphere. When D = 4, this metric reduces to the 
familiar Kerr solution. Notice that, aside from the dQ^~'^ factor, the D dependence always 
appears multiplied by the mass in the combination mp^~^. The event horizon is located 
where the p = constant surfaces become null. This implies C'' = or 

p2 + - 2mp^~^ = . (1.7) 

One can immediately see the qualitative difference between D > 5 and D < 5. For D > 
5, and m > 0, this equation always has a solution where p is positive. Thus an event 
horizon exists for all values of m, a. Since ( p..7| ) has only one (positive) solution in this case, 
there is no inner horizon. In contrast, for D < 5, there is a maximal value of a beyond 
which the event horizon disappears. The curvature singularity also changes its character in 
higher dimensions. For D > 5, since there is no inner horizon, the singularity is spacelike. 
Furthermore, it is easy to see that the norm of the Killing vector d/dt diverges at p = 0, 
showing that this surface is singular. This is in contrast to the situation in four dimensions 
where the singularity is timelike and is concentrated on a ring at p = and 9 = 7r/2. One 
feature of this metric which does not change in higher dimensions is that the vector d/dt 
becomes null on a surface outside the horizon, showing that an ergosphere is present. 

Since the metric ( |1.6D is Ricci flat, it is automatically a solution of the equations of 
motion derived from the action (11 -31) if we also set 



$ = 0, Bp, = 0, 4^') = 0, M = h6-2D. (1.8) 
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In the next section, we will add a general electric charge to this solution and discuss its 
properties. In section 3, we investigate the extremal limit of this charged, rotating black 
hole, and show that it saturates a Bogomol'nyi bound. We also discuss how one can super- 
pose these higher dimensional extremal black holes to obtain effectively four dimensional 
solutions. Section 4 contains some concluding remarks. 

II. ROTATING, CHARGED BLACK HOLES IN > 4 

One can add a general charge to the rotating black hole solution of the previous section 
by applying the solution generating transformations (0(26 — D, l)/0(26 — D)) x (0(10 — 
D,l)/O(10 — -D)).^ This generates a nontrivial ^,B^^ and M, as well as A^^\ Since the 
analysis is identical to the one given in ref. [|12| we shall not give the details here, but only 
quote the final result. The solution is given by, 

= (p2 + a'cos'^)! - A-i(p2 + a^cos'^ - 2mp^-^)c/t2 + (p2 ^ ^2 _ 2mp''-'')-^dp' + dO^ 
+A"^ sin^ 6'[A + sin^ e{p^ + cos^ 6 + 2mp^~^ cosh a cosh /?)] d(j)^ 
-2A-^mp^-^a sin^ ^(cosh a + cosh l3)dtd(f) + cos^ 9{p^ + cos^ Oy^dVL^-^] , (2.1) 

where, 

A = (p2 + cos^ ef + 2mp^-^ {p^ + cos^ 6) (cosh a cosh (3-1)+ m (cosh a - cosh (3f 

(2.2) 

.^ilni^^^±4^, (2.3) 
2 A ' ^ ' 

= -=A~'^mp^~^ sinh a{(p^ + cos^ 9) cosh /3 + mp^~^ {cosh a - cosh /?)} 

V2 

for 1 < j < 26 - D , 

— -A^^mp^"^ sinh /?{(p^ + cos^ 6) cosh a + mp^~^ (cosh /? — cosh a)} 



V2 

for J >27-D, 

(2.4) 



= —j=A~^mp^~ a sinh a sin^ 6{p^ + 0? cos^ ^ + mp^~ cosh /3 (cosh a — cosh (3) } 



^This solution was partially constructed by Peet 
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for 1 < j < 26 - D , 

= -r= — A'^mp^~^a sinh P sin^ 9{p^ + cos^ 9 + mp^~^ cosh a (cosh P — cosh a)} 

for j >27-D, 

(2.5) 

Bt^ = A'^^mp^'^a sin^ 6'(cosh a - cosh /3){p^ + cos^ 9 + mp^"-^ (cosh a cosh /3 - 1)} (2.6) 
where, 

P = 2A-^m'^p^°-^^ sinh^ a sinh^ (3 , 

Q = -2A'^mp^~^ sinh a sinh + cos^ 6^ + mp^"-°(cosh a cosh /5 - 1)} . (2.8) 

Here a and /5 are two boost angles, n is a (26 — D) dimensional unit vector, and p is a 

(10 — -D) dimensional unit vector. 

There are several consistency checks on the solution ( p.l| ) - ( p.8| ). First, the solution 

generating transformation applied to a metric like ( |1.6|) only changes the t and components 

of the string metric. Comparing (^TTj) with ( |1.6D we see that indeed the pp, 99 and additional 

D — 4 components of the metric are identical. Second, since the tt, tcj) and 00 components 

of the higher dimensional Kerr metric depend on D and m only through the combination 

■mp^~^, one should be able to obtain the general solution (|2.1|) - (|2.8| ) by starting with the 

general four dimensional rotating black hole solution |12] and replacing mp with mp^~^. 

This is indeed the case. Finally, setting the angular momentum parameter a to zero, one 

obtains the general electrically charged nonrotating black hole in D dimensions 0. 

From eqs. ( p.!] ) and ( p.3| ) we can also find an expression for the canonical Einstein metric 
= -2'!>/(D-2)r; . 

ds 9 f-ii^ doc^ doc 

= Ai^(p2 + cos^ 9)^2 A-i(p2 + cos^ 9 - 2mp'-'')dt^ 
+ (p2 + - 2mp5-^)-Mp2 + d9^ 

+A"^ sin^ 9[A + o? sin^ 9{p^ + cos^ 9 + 2mp^~^ cosh a cosh p)] dcf)^ 
-2A-^mp^^^asin2 ^(cosha + cosh/3)dtrf0 + p^ cos^ ^(p^ + cos^ ^)-M^]^-^} . 

(2.9) 

The total mass M, angular momentum J, and electric charge Q^^^ of these black holes 
can be obtained from the asymptotic form of the solution and are given by 

M= ^m[l + (D-3)coshacosh/?], (2.10) 
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J = -ma(cosh a + cosh/3) , (2-11) 



qU) = p _ 3) sinh a cosh (3 n^^^ for 1 < j < 26 - D 
v2 



-3)sinh/3coshap(^-26+o) for j>27-D. (2.12) 
v2 



Let us define, 



Qf = l{h6^2DTL),kQ'^'K (2.13) 
2 

and may be regarded as (26 — D) and (10 — D) dimensional vectors respectively. 
Eq.(CT gives, 

2 2 

(Q^)2 = !^(/)_3)2sinh2/3cosh2a, (Qi)^ = ^(D - 3)^ cosh^ sinh^ a. (2.14) 

We now consider some properties of these black holes. Since the pp component of the 
string metric is not changed by the addition of charge, the event horizon of the solution 
is again given by ( |1.7|) : p\ + = 2mp^jf^. (Since the conformal factor is regular on the 
horizon, this is also the location of the event horizon in the Einstein metric.) The area 
of the event horizon, i.e. D — 2 volume, can be computed from (|2.9| ). This calculation 
is simplified by noticing that, on the horizon, the expression in brackets in g^ff, reduces to 
{p'jj + a^)^ (cosh a + cosh/5)2/4. The area turns out to be 

Ah = mpH^ D~2{cosh a + cosh P) , (2.15) 

where is the volume of a (D — 2) sphere of unit radius. The angular velocity Qh oi 

the black hole is defined by the condition that ^ = d/dt + VLnd/dcf) be null on the horizon. 
One finds that 

= , 7^"' , . (2.16) 
m(cosh a + cosh p) 

We next consider the surface gravity k of the black hole. This can be obtained from ^^^^ = 
— via = limp^p^ V^AV^A. Since k is a constant on the horizon, one can evaluate it at 
any point. It is convenient to choose a point where 6 = 0. One obtains 



{D - 3)pI + {D- 5)a2 
2mpf^'^(cosh a + cosh (3) 



The Hawking temperature is related to this surface gravity by T = n/2TT. 

Finally, we consider the singularity structure of these black holes for D > b. We first 
discuss the general case a ^ (3. Unlike the vacuum solution, the norm of the Killing vector 
d/dt does not diverge at p = but now vanishes there in both the string and Einstein 
metrics. However, one can see that this surface still contains a curvature singularity as 
follows. Eq. ( p.3|) implies that the dilaton diverges at p = like $ ^ (D — 5) In p. In the 
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Einstein metric, this corresponds to a diverging energy density, which imphes a divergence 
in the Ricci tensor as p — > 0. This singularity remains in the string metric as welL For 
a = (3, the Kilhng vector d/dt diverges at p = in the Einstein metric, showing that this 
surface is again singular. In contrast, all components of the string metric now have regular 
limits at p = 0, 7^ 7r/2, except for the D — A sphere which shrinks to zero volume (and Gpp 
which can be made regular by introducing a new radial coordinate). However the shrinking 
spheres are sufficient to cause the curvature to diverge at p = 0. Notice that the string 
coupling g = e*/^ — >■ near the singularity as expected for an electrically charged black 
hole. 



III. THE EXTREMAL LIMIT AND BOGOMOL'NYI BOUND 

Supersymmetry of the toroidally compactified heterotic string theory implies an upper 
limit on the ratio of the charge to the mass known as the Bogomol'nyi bound. It is saturated 
when 

M' = IqI. (3.1) 

Eqs.( |2.10| ) and ( p.l4| ) show that the only way to satisfy this equation is to take the limit 
m — *■ 0, /3 — *• cxD keeping mo = m cosh j3, a and a fixed. For D < 5, there is a minimum value 
of m required in order for a solution to ( |1.7| ) to exist. Thus the horizon disappears before the 
Bogomol'nyi bound is reached. However, for D > 5, a horizon exists for all m > 0. As we 
take the limit m — 0, the location of the horizon, pn, approaches the singularity at p = 0, 
showing that one cannot increase the charge beyond this limit. So for D > 5, the solution 
saturating the Bogomol'nyi bound is an extreme black hole. From the above formulas, it is 
clear that in this limit, the horizon area and angular velocity go to zero. The behavior of 
the surface gravity (or Hawking temperature) is rather surprising. If we first set a = in 
( p.lTp and consider the nonrotating black hole, we see that the surface gravity approaches 
a nonzero constant in D = 4 and vanishes for D > 4. However, for the rotating black hole, 
we see that the "critical dimension" is increased by two: the surface gravity approaches a 
nonzero constant for D = 6 and vanishes for D > Q. This is another illustration of the 
fact that an arbitrarily small amount of angular momentum can qualitatively change the 
properties of extreme dilatonic black holes |18|,|19 . 



The solution for = Q'ji/2 is given by 



ds^ = (p2 + cos^ e){ - A-i(p2 + cos^ e)dt^ + (p^ + a^y'dp^ + dO^ 
+A~^ sin^ ^[A + sin^ ^(p^ + cos^ 9 + 2mop^~^ cosh a)] dcj)'^ 
-2A-^mop^-^a sin^ edtd(f) + p^ cos^ e{p^ + cos^ ^)-Mfi^-^} . (3.2) 

A = (p^ + cos^ ef + 2mop^"^ cosh a (p^ + cos^ Q) + m^p^o-^^ , (3.3) 



* = i,„(^!±^!£2!!f)!, (3.4) 

2 A ' ^ ^ 
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= ^A^^mop^"^ sinh a(p2 + cos^ 6) for 1 < j < 26 - D , 

v2 



0-26+D) 

^ -A~^mop^"^{(p^ + cos^ 6) cosh a + mop^~^} for j > 27 - D , 



V2 



(3.5) 



= ^ A-i(mo) a sinh a sin^ for 1 < j < 26 - D , 

V2 

= ^ — A'^TTiop^'^a sin^ 6'{p^ + cos^ 6^ + rriop^'^ cosh a} for j > 27 - D , 

V2 

(3.6) 

= - A^^mop^^-^a sin^ 6'{p^ + cos^ 9 + mop^~^ cosh a} (3.7) 



P = 2A^Xp'°"'''sinh2«, 

Q = -2A"^mop^"^ sinh ^{p^ + cos^ 61 + nxop^'^ cosh a} . (3.9) 

Notice that the ergosphere has disappeared; d/dt is now timehke everywhere. What is the 
nature of the singularity at p = 0? A key property is whether this singularity is timelike 
or null. Since there is no event horizon, a timelike singularity would be naked and classical 
evolution would break down (although see |]20|). A null singularity is much more mild. The 
criterion for a singularity to be timelike is the existence of null geodesies which reach it 
staying in the past of a t = constant surface. Consider first the nonrotating case, obtained 
by setting a = in the string metric (|3.2|) . Radial null geodesies satisfy dt = ±A^/^p~^(ip pa 
p^~^dp near p = 0. Thus, for all D > diverges along the null geodesic as p showing 
that the singularity is null. For the rotating solution with a 7^ 0, one can consider radial null 
geodesies along the rotation axis 6' = 0. These satisfy dt = ±A^/^(p^ + a?)~^dp ~ p^~^dp 
near p = 0. Thus the singularity is null (at least in this direction) only for D >Q. These are 
precisely the dimensions for which ( |3.2|) describes the extremal limit of a black hole. The 
= 4, 5 solutions contain naked singularities. 

Since objects which saturate a Bogomol'nyi bound have no force between them, we can 
also construct stationary multiple black hole solutions. To do this, it is convenient to bring 
the above solution into the IWP form ||21|j2^ . For simplicity, we shall consider only the case 
a = 0; the a 7^ solution can be found by starting from the a = solution and performing 
a boost along one of the internal directions of the (10 — D) dimensional torus. We introduce 
new Cartesian coordinates x^, . . . x^~^ through the relations: 



X = J p'^ + a"^ sin 6 cos ( 



X = a/p^ + sin 9 sin ( 
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= pcosO costp^ , 
x"^ = p COS 9 sin ip^ cos ip'^ , 



x^ = p cos 6 simp^ ■ ■ ■ simp^ ^cosip 



D-4 



X 



^"^ - p cos ^ sin V'^ ■ ■ ■ sin ^^"^ sin tp^'^ , (3.10) 



where 'ip^, ■ ■ ■ ip^ ^ are the angles labehng points on the {D — 4) sphere. In this coordinate 
system the a = solution may be written as, 

ds^ = -F^{x))[dt + uji{x)dxf + dx^ , (3.11) 
$ = lnF(f), (3.12) 
A'f^ = for l<j<26-D, 

(j_26+D) 

= ^ [F-l] for J > 27 -15, (3.13) 

Ap'^ = for 1 < j < 26 - , 

-26^ 

72 

Eii = -Fa;,, M = /36-2D, (3.15) 

where 

F-i 1 , "^oP^"^ mop^-^asin^^ 
p"^ + cos^ p^ + cos^ u 

The explicit form of F and a; in terms of the Cartesian coordinates can be obtained 
by inverting (|3.1CI| ). Let R be the radial distance from the origin in the D — 1 dimensional 
Euclidean space, and let r be the radial distance in the D—3 dimensional subspace orthogonal 
to x^ and x^. Then 

= = p' + a' sin^ 9, = J^ix^ = p' cos^ 9 . (3.17) 

1=1 i=3 



^ FuJi for j>27-D, (3.14) 



These can be inverted to yield 



(i?2 _ a2) + J(i?2 _ ^2)2 + 4a2^2 



a\os^9 = - . (3.18) 
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Also, from ( |3.10| ), = tan~^(x^/x^). Note that = everywhere on the two dimensional 

disk r = 0, R < a, while + cos^ 6 = only on the ring r = 0, R = a. Thus in the x 
coordinate system, the singular surface {p = 0) corresponds to 

x' = for i> 3, (a;^)2 + (a;^)^ < . (3.19) 

In the string metric, this corresponds to a disk of radius a. 
is a harmonic function 

D-l 

5^ a^a^F-^ = (3.20) 



while uj satisfies the equation 



D-l 

^ did^iU,^ = . (3.21) 

i=l 



Conversely, any solution of the form given above, where F ^ is an arbitrary harmonic func- 
tion and u is an arbitrary 1-form satisfying eq. (|3.21|) will be a solution of the equations of 



motion. Since both and u satisfy linear equations, it is now easy to construct multi-black 
hole solutions by superposing single black hole solutions. If we write the above single black 
hole solution as F~^ = 1 + f{x,mQ,a), and u = g{x,mQ,a), a general linear superposition 
is given by 

n 

F-\x) = l + J2f{x-Xs,ms,as), (3.22) 

s=l 

and 

n 

i^{x) = ^g{x - Xs,ms,as) . (3.23) 

s=l 

rris, ttg and Xs are arbitrary parameters labeling the mass, angular momentum and the 
position of individual black holes. In this superposition, all of the black holes are spinning 
in the same x^, plane. Also, the electric charge vectors associated with all the black holes 
are parallel to each other. 

The ten dimensional form of these D dimensional solutions falls into a class of configura- 
tions called 'chiral null models' which were introduced in [ESI and further studied in 11131,53 



They are characterized by a null translational symmetry and chiral coupling of the world- 
sheet to the background. It was shown in that these configurations are exact string 
solutions and do not receive a' corrections (in a particular renormalization scheme). 

A particularly interesting class of multi-black hole solutions is an infinite periodic array 
of black holes. This can be interpreted as a solution in a theory where one of the D — 1 
spatial directions has been compactified p5|- p^] P|. In order to see how this works, let us 



consider a periodic array of these solutions along the direction x . Let us define. 



^We wish to thank J. Schwarz for this suggestion. 
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,2 = (3;l)2 + (3;2)2, (3.24) 

and 

i=l i=3 

Now, for a single extremal black hole solution, the asymptotic values of and are 
given by, 

^ ^1 + ;^' ^<^^:^- (3-26) 

Thus, for a periodic array of black holes in the x^^^ direction with periodicity one, the 
asymptotic values of and uj^ are given by, 

~ 1 + V — — (3 27) 

„f:'oo{i?2 + (a;^-i_n)2}%^ ' 

E ^ (3.28) 

For large i? the summand is a slowly varying function of n and hence we can replace the 
sum over n by an integration. Thus we may write 



" dt—= — — , (3.29) 



00 .>-n _ ^■ys 



^I',^^ / dt—= ^^^^ —. (3.30) 

Using a change of variable t = x^"^ + Ru we can rewrite the above equations as, 

1 + 1=2. + (3,31) 



where, 



'^i - / T^-^TsEI ' ^"2 - / , (3.32) 



are two numerical constants. These asymptotic forms are identical to those given in (|3.26|) 
with D replaced by [D — 1) and with appropriate redefinition of rriQ and a. Thus we see that 
the periodic array of the D dimensional solution has the same asymptotic field configuration 
D — 1 dimensional rotating black hole. 
This procedure can be used to construct solutions in five and four dimensional theories 
by taking periodic and doubly periodic arrays of extremal black holes in six dimensions. The 
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asymptotic form of these solutions is the same as that of rotating black hole solutions in 
five and four dimensions saturating the Bogomol'nyi bound which have naked singularities. 
But now the solution near the black hole becomes six dimensional, and the singularity is 
that of the extreme rotating black holes that we have described here. This implies that 
the gyromagnetic ratios of the four dimensional solution, which are computed from the 
asymptotic form of the gauge field configuration, are identical to those of the elementary 
string states with the same quantum numbers, since this equality is known to hold for 
the singular solution in four dimension |]12|. Thus these solutions are good candidates for 



describing the field configuration around elementary string states. 



IV. CONCLUDING REMARKS 

In this paper, we have considered only rotating black holes with one component of 
angular momentum. More general solutions can be constructed by starting with the higher 



dimensional Kerr solution with all components of the angular momentum nonzero [|16 
and applying the solution generating transformation. It is likely that only some of these 
black holes will saturate the Bogomol'nyi bound in their extremal limit. This needs to 
be investigated further. It remains to be seen whether these black holes can be fruitfully 
identified with nonspherically symmetric BPS saturated string states. One unusual feature is 
that there appears to be no upper bound on the magnitude of the angular momentum. Since 
a is an arbitrary parameter, the solutions we have constructed can saturate the Bogomol'nyi 
bound with any value of J. 

Although we have considered solutions to heterotic string theory compactified on a torus, 
our D = & rotating black hole can easily be transformed into a Type IIA string solution. This 
is because the low energy effective action for the Type IIA string theory compactified on K3 
is related to that of the heterotic string compactified on a torus by a simple field redefinition. 
This may be useful in testing the string-string duality conjecture in six dimensions. 



Acknowledgment: We wish to thank J. Gauntlett and J. Schwarz for useful discussions. 
We also acknowledge the hospitality of the Aspen Center for Physics where this work was 
initiated. GTH was supported in part by NSF Grant PHY-9507065. 



12 



REFERENCES 



[1] D. Olive and E. Witten, Phys. Lett. B78 (1978) 97. 
[2] G. Gibbons and C. Hull, Phys. Lett. B109 (1982) 109. 
[3] R. Kallosh, Phys. Lett. B282 (1992) 80; 

R. Kallosh, A. Linde, T. Ortin, A. Peet and A. Van Proeyen, Phys. Rev. D46 (1992) 

5278 ||hep-th/920502l . 
[4] M. Duff, R. Khuri, R. Minasian and J. Rahmfeld, Nucl. Phys. B418 (1994) 195 fhepj 

th/9311120|] ; 

M. Duff and J. Rahmfeld, Phys. Lett. B345 (1995) 441 ||hep-th/9406T05|] . 



[5] L. Susskind, preprint RU-93-44 ||hep-th/9309ll5|] ; 

J. Russo and L. Susskind, Nucl. Phys. B437 (1995) 611 [|hep-th/9405117 
[6] A. Sen, preprint TIFR-TH-95/19 ||hep-th/ 9504141 . 
[7] A. Peet, preprint PUPT-1548 ||hep-th/9506200| . 

[8] A. Ghosh and P. Mitra, preprint SINP/TNP/95-14 | |hep-th/95090gD . 
[9] G. Gibbons, Nucl. Phys. B207 (1982) 337; 

G. Gibbons and K. Maeda, Nucl. Phys. B298 (1988) 741. 
[10] D. Garfinkle, G. Horowitz and A. Strominger, Phys. Rev. D43 (1991) 3140. 
[11] M. Cvetic and D. Youm, preprints UPR-649-T [|hep-th/9503082|| ; UPR-658-T 
I th/95050i5|] ; UPR-646-T ||hep-th/9502TT9| ; UPR-673-T [|tiep-th/ 9507090 . 
A. Sen, Nucl. Phys. B440 (1995) 421 ||hep-th/941lT8^] . 
K. Behrndt, preprint HUB-EP-95/6 ||hep-th/9506T06| . 



hep- 



[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 
[21] 

[22] 



R. Kallosh and A. Linde, preprint SU-ITP-95-14 ||hep-th/950702l . 



M. Cvetic and D. Youm, preprint UPR-674-T ||hep-th/9507T60 
R. Myers and M. Perry, Ann. Phys. 172 (1986) 304. 

J. Maharana and J. Schwarz, Nucl. Phys. B390 (1993) 3 ||hep-th/9207IITB 



J. Home and G. Horowitz, Phys. Rev. D46 (1992) 1340 ||hep-th/ 9203083 



A. Sen, Phys. Rev. Lett. 69 (1992) 1006 ||hep-th/9204IHB| . 
G. Horowitz and D. Marolf, preprint UCSBTH-95-5 ||hep-th/9504028 
Z. Perjes, Phys. Rev. Lett. 27 (1971) 1668; 
W. Israel and G. Wilson, J. Math. Phys. 13 (1972) 865. 

R. Kallosh, D. Kastor, T. Ortin and T. Torma, Phys. Rev. D50 (1994) 6374 jtiep^ 
th/9406059| 



[23] G. Horowitz and A. Tseytlin, Phys. Rev. D51 (1995) 2896 ||hep-th/940902T 
[24] K. Behrndt, preprint DESY 94-237 ||hep-th/94l2T^ ]. 
[25] R. Myers, Phys. Rev. D35 (1987) 455. 

[26] N. Khuri, Nucl. Phys. B387 (1992) 315; Phys. Lett. B294 (1992) 325. 

[27] J. Gauntlett, J. Harvey and J. Liu, Nucl. Phys. B409 (1993) 363 [|hep-th/9211056 



13 



